Unidirectional photonic edge states arise at the interface between two topologically-distinct photonic crystals. Here, we demonstrate a micron-scale GaAs photonic ring resonator, created using a spin Hall-type topological photonic crystal waveguide. Embedded InGaAs quantum dots are used to probe the mode structure of the device. We map the spatial profile of the resonator modes, and demonstrate control of the mode confinement through tuning of the photonic crystal lattice parameters. The intrinsic chirality of the edge states makes them of interest for applications in integrated quantum photonics, and the resonator represents an important building block towards the development of such devices with embedded quantum emitters.
Unidirectional photonic edge states arise at the interface between two topologically-distinct photonic crystals. Here, we demonstrate a micron-scale GaAs photonic ring resonator, created using a spin Hall-type topological photonic crystal waveguide. Embedded InGaAs quantum dots are used to probe the mode structure of the device. We map the spatial profile of the resonator modes, and demonstrate control of the mode confinement through tuning of the photonic crystal lattice parameters. The intrinsic chirality of the edge states makes them of interest for applications in integrated quantum photonics, and the resonator represents an important building block towards the development of such devices with embedded quantum emitters.
The integration of quantum photonic elements on chip presents a highly promising route to the realisation of scalable quantum devices. A key requirement of such an approach is the development of optical waveguides exhibiting low loss and negligible back scatter. 1 Recently, topological waveguides have emerged as a new class of photonic device enabling the robust propagation of light on chip. [2] [3] [4] [5] [6] [7] [8] [9] [10] At the interface between two topologicallydistinct photonic crystals (PhCs), counter-propagating edge states of opposing helicity arise, which are ideal for optical waveguiding. 5, [10] [11] [12] [13] Significant developments in this field include the demonstration of efficient guiding of light around tight corners, 4,14-16 robust transport despite the presence of defects, 17 and integration with passive optical elements including nanobeam waveguides 15 and grating couplers. 4 Compatibility with embedded quantum emitters such as quantum dots (QDs) has been demonstrated, and used to probe the waveguide transmission. 4, 14 Recently, chiral coupling of a QD to a topological waveguide was demonstrated. 4, 18 This is a result of the intrinsic helicity of the edge states and is of great interest for chiral quantum optics. 19 Here, we use a spin Hall-type topological waveguide to create a GaAs topological photonic ring resonator, and probe its mode structure using embedded InGaAs QDs. We map the spatial dependence of the confined modes of the resonator, and demonstrate that perturbation of the PhC lattice can be used to tune the lateral confinement of the modes.
A schematic of the PhC forming the basis of our topological ring resonator is shown in Fig. 1a . The unit cell of the PhC consists of six triangular air holes of side length s, etched into a GaAs membrane of thickness h. A two-dimensional PhC lattice is created using a hexagonal array of unit cells with period a = s/0.31. A key parameter of the lattice is the distance R from the origin of the unit cell to the centre of each triangular aperture, with a graphene-like structure formed when R = R 0 = a/3. We model the structure using a commercially available 3D finite-difference time-domain (FDTD) electromagnetic simulator 20 , and show that in this case the PhC band structure exhibits a Dirac cone at the Γ arXiv:1910.07448v1 [physics.optics] 16 Oct 2019 point, as shown in Fig. 1b .
However, when a perturbation is introduced such that R = a/3, a bandgap is opened at the Γ point. This is shown for the case of PhCs formed using either expanded (R e > R 0 ) or shrunken (R s < R 0 ) unit cells in Fig. 1c-d . Using FDTD, we determine the bandwidth of the PhC bandgap for a perturbation of either R e /R 0 = 1.05 or R s /R 0 = 0.94 to be ∼20THz (∼55nm), centered at ∼330THz (∼908nm). For the simulations, we took h=170nm and s=140nm. It is instructive to consider the nature of the bands in this case. For a shrunken (expanded) unit cell, the higher energy band has d -(p-) like character, and the lower energy band is p-(d -) like 3 . This difference in character has an important consequence when an interface is realised between the two unit cells (see Fig. 1e ). The change in character of adjacent bands necessitates the formation of edge states, connecting bands of the same character across the interface. These can be clearly seen in the interface band structure shown in Fig. 1e . The edge states exist within the bandgap, and the interface therefore supports confined modes which form the basis of a topological photonic waveguide.
We harness the interface edge modes to create an optical ring resonator. A hexagonal array of expanded unit cells (R e /R 0 = 1.05) is embedded within a host array of shrunken unit cells (R s /R 0 = 0.94), as shown in Fig. 2a . (In the following, this corresponds to a perturbation of 5.5%.) Internally, each side of the resonator is 8 unit cells in length, such that the total path length of the interface is ∼ 21µm. FDTD simulations of the resonator reveal a characteristic Fabry-Pérot spectral mode (a) Simulated ring resonator finesse versus side length L (the number of internal unit cells at the interface) for a PhC perturbation of 5.5%. The corresponding electric field intensity profiles are shown to the right (linear scale). Scale bar 2µm. (b) Simulated Q factor versus perturbation for a resonator with L = 2. The Q factor is independently evaluated for a host PhC with a side length of 16 unit cells (open red circles), 32 unit cells (filled blue circles) or 42 unit cells (filled green diamond). The inset shows the respective sizes of the resonator PhC (black hexagon) and the host PhC (larger hexagon, colour coded) in each case. (c) Simulated spatiallyresolved electric field intensity for waveguides with perturbations of 3.5% to 6.5%, on a logarithmic intensity scale. The mode propagates in the x direction, as indicated. The unit cell is expanded (shrunken) above (below) the interface, which is highlighted by the dashed white line. Scale bar 1µm. structure (Fig. 2b) , which lies within the topological bandgap (determined by monitoring the power radiated by a dipole source in an expanded-unit-cell PhC). Spatial intensity profiles of the modes as a function of wavelength are shown in Fig. 2c . Fabry-Pérot modes within the bandgap show strong confinement at the resonator interface, while non-guided bulk modes are evident outside of the bandgap.
Next, we investigate the theoretical dependence of the resonator finesse (quality factor (Q factor) multiplied by free spectral range, divided by mode frequency) on the device dimensions. Fig. 3a shows that for a resonator with an internal side length of L = 8 unit cells, embedded in a host PhC of shrunken unit cells with side length of L = 16 unit cells (as considered in Fig. 2 , and later considered experimentally), the simulated finesse for the highest Q factor mode is ∼10 (Q factor ∼800). The finesse increases to ∼80 (Q factor ∼1,900) for a ring with an internal side length of 2 unit cells. Simulated mode profiles for resonators with L = 2, 4, 6 and 8 unit cells are also shown in Fig. 3a .
Now we fix the internal size of the ring at 2 unit cells, and vary the perturbation (see Fig. 3b ). When the size of the host PhC remains fixed at L = 16 unit cells, a peak in the Q factor is predicted for a perturbation of 5.5%. The peak arises due to competition between two effects. First, the propagation length of the waveguide mode decreases with increasing perturbation, 4 explaining the reduction in Q factor for perturbations larger than 5.5%. Second, the spatial confinement of the modes reduces as the perturbation reduces. This means that for the smallest perturbations, the resonator mode begins to leak out of the host PhC into the surrounding membrane (as evident from the mode profiles shown in Fig. 3c ). Therefore, the Q factor also reduces if the perturbation is very small. To demonstrate this more clearly, the simulations are repeated using a host PhC with a side length of L = 32 unit cells. The resonator Q factor is seen to increase most significantly for the smallest perturbations, implying reduced loss into the surrounding membrane. Computational restrictions prevent our use of FDTD to determine the ultimate Q factor for the resonator embedded in an infinite host PhC, but a lower limit of ∼ 9, 200 is obtained when the host PhC is increased in size to L = 42 unit cells, for a perturbation of 3.5%. Experimentally, we fabricate topological ring resonators in a nominally 170nm-thick GaAs membrane, using standard electron beam lithography and dry etching techniques. A scanning electron microscope (SEM) image of a representative ring resonator is shown in Fig. 4a . The resonator has an internal side length of 8 unit cells, and is embedded in a host PhC with a side length restricted to 16 unit cells due to experimental limitations. Devices are fabricated with perturbation between 2.5% (R e /R 0 = 1.02, R s /R 0 = 0.97) and 5.5% (R e /R 0 = 1.05, R s /R 0 = 0.94).
To characterise the devices, the sample is mounted in an exchange gas cryostat, and the waveguide modes of the resonator are probed using micro-photoluminescence (µ-PL) spectroscopy. We use an excitation wavelength of 808nm, and focus the laser to a spot size of ∼ 2µm. High power excitation is used to generate broadband emission from the QD ensemble. Mirrors in the collection path, with motorized adjusters, enable the collection of PL emission from a location either coincident with, or spatially distinct from, the excitation spot. We first position the excitation laser spot on one side of the ring (region 'b' in Fig. 4a ), and detect light emitted from a location on the opposite side of the resonator (region 'Col' in Fig. 4a ). This enables us to detect light coupled to the interface, whilst rejecting PL which is emitted into free space modes. The PL spectrum for a ring resonator with a unit cell perturbation of 5.5% is shown in Fig. 4b . Fabry-Pérot modes with a period of ∼ 7nm are observed, consistent with the round-trip path length of the resonator. The modes have Q factors in the range 200-500, possibly limited by dopant-related absorption in the GaAs membrane.
We next excite PL at several other positions on the resonator interface while collecting from the same loca- tion as previously, and observe that the mode structure remains unchanged (see Fig. 4c-d) . However, when the excitation location is distinct from the interface (for instance, at the very centre of the resonator), the PL spectrum is quite different, and the modes observed previously at the interface are absent (Fig. 4e) ). This is strong evidence that the modes are confined to the interface. (A different peak is seen in Fig. 4e . We show below that this is distinct from the resonator modes.)
To visualise the modes more clearly, we raster scan the excitation laser across the device, simultaneously acquiring PL spectra from the same (fixed) collection spot used above. For each excitation position on the device, we sum the measured PL intensity over three different bandwidths corresponding to the different Fabry-Pérot modes seen in Fig. 4b-d . The resulting PL intensity maps are shown in Fig. 4f . Several features are apparent in the data. Most significantly, PL emission is observed from all positions along the resonator interface, with a clear node in the centre of the resonator, showing that light is guided along the interface. A secondary feature is the bright region on the left of each intensity map, an artifact of the measurement protocol which corresponds to the PL collection location. The PL maps also serve to highlight the location of trenches used to aid fabrication of the device (for instance, the two bright regions to the left of the collection location). These were used to accurately position the device schematic over each PL map. In Fig. 4f we also show an intensity map integrated over the single peak seen in the PL spectrum from the centre of the device. The map is quite different to those for the Fabry-Pérot modes seen at the interface, as this peak is not related to guided modes at the interface.
Finally, we investigate the effect of the unit cell perturbation on the spatial confinement of the resonator modes. Fig. 5a shows an integrated PL intensity map for each of four different ring resonators, with unit cell perturbation increasing from 2.5% to 5.5%. In each case, the intensity map corresponds to a single resonator mode, centered at ∼ 865nm. A clear trend is observed, with the mode confinement being strongest for the largest perturbation, and weakening with decreasing perturbation. For a perturbation of 5.5%, the mode decays over a distance of 2.7±0.1µm, transverse to the propagation direction. This value increases to 4.1±0.2µm for a perturbation of only 2.5%. The change in confinement is consistent with FDTD simulations (see Fig. 3 and Fig. 5b) , which show that, as the perturbation is decreased, the waveguide mode increasingly extends into the bulk PhC. From the simulations, we estimate that the spatial extent of the mode normal to the propagation direction increases from ∼ 820nm for a perturbation of 5.5% to ∼ 1640nm for a perturbation of 2.5%. (The discrepancy between experiment and simulation is due to convolution of the experimental data with the laser spot size of ∼ 2µm.) This suggests a robust method to tune the degree of evanescent coupling between the ring resonator and an adjoining bus waveguide, for instance in an add-drop filter. The perturbation is dependent on the location of the triangular apertures forming the PhC. This is simple to control lithographically, unlike the case of devices which rely on fine tuning of the resonator-waveguide spacing.
In conclusion, we have created a GaAs spin Hall topological photonic ring resonator, and used embedded In-GaAs QDs to probe the mode structure of the device. Using spatially resolved PL measurements, we demonstrated that the modes were confined to the PhC interface. Furthermore, we showed that by controlling the perturbation of the PhC unit cell, the spatial confinement of the modes could be tuned. The resonator represents an important building block in the development of integrated photonic devices using embedded quantum emitters.
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